LightCycler and conventional reverse transcription-polymerase chain reaction (RT-PCR) were used to examine regulation of icaR, which encodes a repressor of the Staphylococcus epidermidis ica operon. Varying concentrations of NaCl and ethanol activated ica but only high levels of both compounds repressed icaR transcription. Activation of ica by subinhibitory concentrations of tetracycline, which was strain-dependent, was also associated with icaR repression. In an icaR: :Em mutant, NaCl but not ethanol activated ica whereas both compounds repressed icaR expression indicating that environmental regulation of the icaR gene is IcaR-independent. Apparently ethanol signals exclusively through IcaR to activate ica and regulates IcaR at the transcriptional and posttranscriptional levels. NaCl also regulates icaR expression but in addition can activate ica via an icaR-independent pathway. ß
Introduction
Bio¢lm formation by Staphylococcus epidermidis frequently compromises the e¡ectiveness of implanted medical devices by giving rise to persistent and relapsing infections, which are more resistant to the host immune response and antimicrobial chemotherapy [1] . Products encoded by the ica operon synthesise a polysaccharide intercellular adhesin (PIA) [2] , which is required for bio¢lm formation [2^5] . This locus is important in the pathogenesis of S. epidermidis infections and a number of studies have highlighted its usefulness as a virulence marker [6^9] . Animal models have also pointed to the importance of the ica operon and PIA in biomaterial infections [101 2] . Signi¢cantly, the polysaccharide adhesin encoded by the ica operon of Staphylococcus aureus was also demonstrated to have vaccine potential [13, 14] .
Expression of the S. aureus ica operon is regulated under in vivo conditions [13] and by environmental parameters in the laboratory. Anaerobic growth [15] , the presence of subinhibitory concentrations of certain antibiotics and environmental stresses [16, 17] all result in elevated expression of the ica operon and/or PIA synthesis in S. epidermidis.
We recently reported that the icaR gene encodes a transcriptional repressor involved in the environmental regulation of ica operon expression and bio¢lm formation in S. epidermidis. The icaR gene was required for ica operon activation by ethanol but not NaCl suggesting the presence of two separate activation pathways [18] . In this study we used LightCycler and conventional reverse transcription-polymerase chain reaction (RT-PCR) to further examine the environmental regulation of icaR gene expression and ica operon expression in a wild-type and icaR: :-Em insertion mutant of S. epidermidis in the presence of environmental stimuli which can promote bio¢lm formation.
Materials and methods

Bacterial strains
The cerebrospinal £uid (CSF) isolate S. epidermidis CSF41498 and its isogenic icaR: :Em insertion mutant, ICAR1, have been described previously [18] . The bio¢lm-forming clinical isolates CSF83153 and CSF15492 were also isolated from CSF and obtained from the Department of Microbiology, Beaumont Hospital, Dublin. The reference strain S. epidermidis RP62A (ATCC 35984) was obtained from the American Type Culture Collection. All four strains were sensitive to tetracycline and the minimum inhibitory concentration of this antibiotic in brain heart infusion (BHI) media (Oxoid) was 0.4 Wg ml 31 for CSF83153, CSF15492 and RP62A and 0.6 Wg ml 31 for CSF41498.
Media and growth conditions
Bacteria were routinely grown at 37 ‡C on BHI, supplemented with ethanol (0.5% or 4%), salt (0.5% NaCl/0.5% glucose or 10% NaCl/0.5% glucose), tetracycline (0.06 Wg ml 31 or 0.12 Wg ml 31 ) or sucrose (30%) as required. Liquid medium containing NaCl was also supplemented with 0.5% glucose in order to maximise ica operon induction as reported by Rachid et al. [16] . The growth curve lag times under various environmental conditions were determined by measuring the optical density at 600 nm of culture samples taken at regular time intervals and were de¢ned as the time required for a freshly inoculated culture at a starting cell density of OD 600 = 0.05 to reach OD 600 = 1.0. Bacteria were grown on Congo red agar plates, which are composed of BHI agar supplemented with 5% sucrose (Sigma) and 0.8 mg ml 31 Congo red (Sigma) to identify bio¢lm-positive (black, irregular-shaped, dry colonies) and bio¢lm-negative (red, smooth colonies) phenotypes.
RNA puri¢cation
Bacterial cells were collected and immediately stored in RNAlater (Ambion, TX, USA) to ensure maintenance of RNA integrity prior to puri¢cation. Total RNA was subsequently isolated using the GenElute Total RNA puri¢-cation kit (Sigma) according to the manufacturer's instructions following pre-treatment of the cells with 50 Wg lysostaphin in 100 Wl 50 mM EDTA. Residual DNA present in RNA preparations following puri¢cation was removed using DNA-free DNase treatment and removal reagents (Ambion, TX). Puri¢ed RNA was eluted and stored in RNAsecure resuspension solution (Ambion, TX, USA) and the integrity of the RNA con¢rmed by agarose gel electrophoresis.
RT-PCR
Real-time RT-PCR was performed on the LightCycler instrument using the RNA Ampli¢cation kit SYBR Green I (Roche Biochemicals, Basel, Switzerland) following the manufacturer's recommended protocol. All oligonucleotide primers used for RT-PCR were supplied by MWG Biotech (Milton Keynes, UK). Master mixes were prepared using primers as follows : for gyrB transcripts in CSF41498 and ICAR1 : 5P-TTATGGTGCTGGACAGA-TACA-3P and 5P-CACCGTGAAGACCGCCAGATA-3P; for icaA transcripts in CSF41498 and ICAR1 : KCA1 5P-AACAAGTTGAAGGCATCTCC-3P and KCA2 5P-GA-TGCTTGTTTGATTCCCT-3P; for icaR transcripts in CSF41498: KCR1 5P-GGTAAAGTCCGTCAATGGAA-3P and KCR2 5P-CGCAATAACCTTATTTTCCG-3P; and for icaR transcripts in ICAR1 : KCR2 (as above) and KCR3 5P-GCAAAAAATCTATAAAG-3P (conventional RT-PCR) or KCR4 5P-AAACAATTCTCAACACTTTT-TCGAT-3P (LightCycler RT-PCR). For LightCycler RT-PCR reactions, reverse transcription was performed at 55 ‡C for 30 min followed by 45 ampli¢cation cycles of 95 ‡C 1 s, 50 ‡C 1 s and 72 ‡C 1 s. Melting curve analysis was performed at 45^90 ‡C (temperature transition, 0.2 ‡C/ s) with step-wise £uorescence detection. Conventional RT-PCR was performed using the OneStep RT-PCR kit (Qiagen, UK) following the manufacturer's recommended protocol. Reverse transcription was performed at 55 ‡C for 30 min followed by 23^26 ampli¢cation cycles of 94 ‡C 20 s, 50 ‡C 20 s and 72 ‡C 20 s. The constitutively expressed gyrB gene [18] was used as an internal standard in all RT-PCR experiments. All experiments were performed using LightCycler and conventional RT-PCR.
Analysis of RT-PCR data
The intensity of 23S rRNA bands on non-denaturing 1% agarose gels was measured in individual samples prior to RT-PCR to ensure similar RNA loading in RT-PCR reactions within individual experiments which are presented as separate ¢gures. In addition expression of the constitutively expressed gyrB gene was measured in parallel with measurements of icaA and icaR transcript levels and used to standardise variations in RNA loading between samples in each experiment. All conventional RT-PCR reactions were optimised to ensure that ampli¢cation was terminated in the linear range and densitometry on electrophoresed PCR products was performed using the Stratagene Eaglesight software package to compare relative expression between samples.
For LightCycler RT-PCR, RelQuant software (Roche Biochemicals, Basel, Switzerland) was used to measure relative expression of target genes (icaA or icaR) in di¡erent RNA samples within individual experiments (which are presented as separate ¢gures) using the constitutively expressed gyrB gene as an internal standard (reference gene).
Each experiment in this study was performed at least twice and representative results are presented.
Results and discussion
Regulation of icaR transcription under stress-inducing growth conditions
We have recently reported that the S. epidermidis icaR gene encodes a transcriptional repressor of the ica operon and that growth in the presence of 4% ethanol resulted in a signi¢cant reduction in icaR transcript levels and simultaneous ica operon activation. In contrast growth in 4% NaCl also activated the ica operon but did not signi¢-cantly alter icaR gene transcription [18] . To further examine the role of the icaR gene in bio¢lm regulation, we used LightCycler and conventional RT-PCR to measure the a¡ect of environmental conditions on the regulation of icaR transcription. Initially we performed experiments to compare the sensitivity of LightCycler and conventional RT-PCR in measurements of the environmental activation of ica transcription by NaCl and ethanol (Fig. 1 ). In these experiments we grew the cells in BHI media supplemented with 4% ethanol or 10% NaCl. We used a higher salt concentration than previously described [18] to increase osmotic stress and the growth curve lag time (see Section 2). The growth curve lag time of CSF41498 cultures grown in BHI media alone was approximately 2.25 h, compared to approximately 2.15 h in BHI (4% NaCl), 3.5 h in BHI (10% NaCl) and 4.8 h in BHI (4% ethanol).
LightCycler RT-PCR revealed that ica operon transcription in S. epidermidis CSF41498 was induced 89-fold in the presence of 10% NaCl and 39-fold in 4% ethanol (Fig. 1A) . Activation of ica operon transcription by 4% ethanol was associated with a 10-fold reduction in icaR transcription (Fig. 1A) . Similarly growth in the presence of 10% NaCl led to a 2.27-fold reduction in icaR transcription. When measurements of icaA and icaR transcription were performed using conventional RT-PCR similar results were obtained (Fig. 1B) . Repression of icaR transcription in the presence of 10% NaCl was in contrast to 4% NaCl, which had no signi¢cant e¡ect on icaR transcription [18] . However the longer growth curve lag time of CSF41498 cultures grown in the higher salt environment is most likely due to the increased osmotic stress, which may in turn in£uence icaR transcription.
To further examine the potential role of stress-inducing growth conditions on the regulation of icaA and icaR expression, transcription of both genes in CSF41498 was compared in cells grown at 45 ‡C, in the presence of subinhibitory concentrations of tetracycline and in 30% sucrose. Rachid et al. [16] previously demonstrated that the ica operon is activated at high temperatures. We observed that at 45 ‡C, the growth curve lag time of CSF41498 cultures (approximately 3.2 h) was comparable to that of cells grown in 10% NaCl (approximately 3.5 h). At the higher temperature, LightCycler RT-PCR revealed a 29-fold induction of ica operon transcription and a 2.3-fold repression of icaR transcription (data not shown), which was consistent with the pattern of ica induction and icaR repression measured by conventional RT-PCR ( Fig. 2A) . In contrast growth of CSF41498 in the presence of a subinhibitory concentrations of tetracycline (0.06 Wg ml 31 ), which was shown to activate ica operon expression in S. epidermidis 220-1 [16] and which we observed resulted in a growth curve lag time (approximately 3.25 h) comparable to those of cells grown in 10% NaCl (approximately 3.5 h), did not signi¢cantly induce ica operon expression or repress icaR transcription ( Fig. 2A) . A tetracycline concentration of 0.12 Wg ml expression in CSF41498 (data not shown). Similarly changes in growth medium osmolarity achieved by growing CSF41498 in 30% sucrose, which did not result in an increased growth curve lag time (approximately 2.3 h), also failed to induce ica operon expression or repress icaR transcription (data not shown). These data suggest that CSF41498 environmental changes, which result in cell stress, do not always result in ica operon activation. In addition icaR gene expression is apparently repressed only by speci¢c environmental stimuli (e.g. temperature, NaCl and ethanol) which activate ica operon expression and which also result in cell stress. These ¢ndings also suggest that the activation of ica operon expression by subinhibitory concentrations of tetracycline is strain-dependent and may indicate that bio¢lm formation is not regulated by the same environmental stimuli in all S. epidermidis strains.
To further investigate the possibility of strain-to-strain variability in the regulation of ica operon expression, we used conventional RT-PCR to examine the impact of subinhibitory tetracycline and high temperature on ica operon transcription in three additional S. epidermidis strains, namely the reference strain RP62A and two bio¢lm-forming clinical isolates CSF83153 and CSF15492. As observed in CSF41498 (Fig. 1B) , growth in the presence of 10% NaCl and 4% ethanol also activated ica operon expression and repressed icaR transcription in all three of these strains (data not shown). Interestingly, as observed in CSF41498, subinhibitory tetracycline did not activate ica operon expression in RP62A but did signi¢cantly induce ica transcription in CSF83153 and CSF15492. Activation of ica operon expression by subinhibitory tetracycline in CSF83153 and CSF15492 was also associated with repression of icaR transcription (Fig. 2C,D) . In contrast growth at 45 ‡C resulted in ica operon activation and repression of icaR transcription in all four strains examined in this study (Fig. 2A^D) . These ¢ndings further support our proposal that activation of ica operon expression by subinhibitory concentrations of tetracycline is strain-dependent. Moreover, these ¢ndings are consistent with our evidence for di¡erential regulation of bio¢lm formation in intensive care unit isolates of S. epidermidis grown under di¡erent environmental conditions [19] .
Regulation of icaR transcription in an icaR: :Em insertion mutant
We have previously reported that the icaR gene was required for ica operon induction by 4% ethanol but not 4% NaCl and proposed the existence of at least two separate pathways for the environmental activation of ica operon expression [18] . To further investigate the role of the icaR gene in these two proposed ica operon regulatory pathways, we measured the a¡ect of NaCl (10%) and ethanol (4%) on icaR expression in the icaR: :Em insertion mutant, ICAR1. Because of the Em insertion in the icaR gene, we used a number of di¡erent primer sets (see Section 2) for RT-PCR analysis of icaR transcription in ICAR1. LightCycler RT-PCR revealed that ica operon expression was induced 3.7-fold by 10% NaCl in ICAR1 but that 4% ethanol had no signi¢cant e¡ect (1.7-fold) (Fig. 3A) . These ¢ndings were in good agreement with our previous observations [18] . Interestingly, both 10% NaCl and 4% ethanol resulted in 2.1-and 2.6-fold repression of icaR transcription, respectively (Fig. 3A) . Conven- tional RT-PCR analysis revealed similar levels of icaA and icaR transcription (Fig. 3B) . These data strongly suggest that environmental regulation of icaR transcription is independent of the icaR gene product. This conclusion is consistent our previous ¢nding that icaR regulation was not a¡ected in the icaR: :Em mutant under standard growth conditions [18] . Moreover these data suggest that the massive 89-fold induction of ica operon expression by 10% NaCl in CSF41498, as detected by LightCycler RT-PCR, is the result of independent and simultaneous activation of ica operon expression and repression of icaR transcription. In contrast ethanol appears to signal exclusively through IcaR to induce ica operon expression in CSF41498. 
Evidence for transcriptional and posttranscriptional regulation of icaR activity
Repression of icaR transcription may represent one possible mechanism, which contributes to ica operon induction. However our previous data [18] also indicated that growth in 4% NaCl activated ica in both wild-type and an icaR : :Em mutant without a¡ecting icaR expression and suggested that an alternative mechanism of ica induction may also exist which is independent of icaR transcriptional regulation.
To further investigate this possibility, we examined ica operon and icaR transcriptional regulation in cells grown in the presence of lower salt and ethanol concentrations. Supplementation of growth media with 0.5% NaCl or 0.5% ethanol had no signi¢cant e¡ect on the growth rate of CSF41498 (data not shown). LightCycler RT-PCR analysis revealed that 0.5% NaCl and 0.5% ethanol resulted in 7.5-fold and 4.2-fold inductions of ica operon expression, respectively (Fig. 4A) . In contrast, regulation of icaR transcription was not signi¢cantly a¡ected by either growth medium supplement (Fig. 4A) . Similar levels of ica induction and icaR transcription were measured by conventional RT-PCR (Fig. 4B) . These data indicate that growth in the presence of NaCl or ethanol can result in ica operon activation in the absence of icaR repression.
Conclusions
LightCycler RT-PCR coupled with the RelQuant software package proved to be a sensitive and accurate method for the measurement of relative di¡erences in S. epidermidis icaA and icaR gene expression. Given that icaR encodes a transcriptional repressor environmental conditions that result in icaR repression have a predictable affect on ica operon expression. However growth conditions which activate ica expression do not always result in icaR repression. In addition our data indicate that NaCl and ethanol activate the ica operon by two distinct mechanisms. Ethanol induction of ica operon expression was icaR-dependent. IcaR is a member of the tetR family of transcriptional regulators. This family of proteins which includes the qacR repressor of the QacA multidrug e¥ux pump system in S. aureus share two common features, conserved amino terminal domains involved in DNAbinding and a divergent carboxy terminal domains which may be involved in interactions with compounds which modulate their regulatory activity [20^22] . It is tempting to speculate that because ica operon activation by ethanol is icaR-dependent and because low concentrations of ethanol do not repress icaR transcription, direct interactions between the IcaR protein and ethanol may interfere with its capacity to repress ica operon expression. At higher concentrations ethanol directly or indirectly results in icaR repression. Thus the potentially additive impact of high ethanol concentrations on the transcriptional and posttranslational regulation of IcaR activity provides a possible explanation for the high levels of ica operon activation by the compound (Fig. 1) .
The presence of NaCl also repressed icaR transcription but only at high concentrations. At low concentrations NaCl activated ica expression in the absence of icaR repression. NaCl also activated the ica operon in an icaR: :-Em mutant. These data indicate that at low concentrations, NaCl can activate the ica operon by directly increasing ica promoter activity and not by interfering with IcaR activity. The potentially additive e¡ect of high NaCl concentrations on icaR repression and ica operon promoter activity may explain the signi¢cant levels of ica operon induction in the presence of this bio¢lm-promoting compound (Fig. 1) .
Taken together these ¢ndings support the existence of at least two pathways for the environmental induction of ica operon expression in S. epidermidis, which can be de¢ned by the absence or involvement of icaR.
